We have developed an automated observatory for measuring atmospheric column abundances of CO 2 and O 2 using near-infrared spectra of the sun obtained with a high spectral resolution Fourier Transform Spectrometer (FTS). This is the first dedicated laboratory in a new network of ground-based observatories named the Total Carbon Column Observing Network. This network will be used for carbon cycle studies and validation of spaceborne column measurements of greenhouse gases. The observatory was assembled in Pasadena, California, and then permanently 
Introduction
In the last two decades, numerous studies [e.g. Gurney et al., 2002; Rayner et al., 1999; Tans et al., 1990] have combined in situ measurements of CO 2 obtained from a global network of surface sites [GLOBALVIEW-CO2, 2005] with global transport models to estimate regional-scale surface exchange of CO 2 . Although the surface measurements are highly accurate, their limited spatial coverage and proximity to local sources and sinks make these estimates quite sensitive to the errors in the transport model (e.g. vertical mixing), particularly for sites located in the continental interior.
In particular, because the surface fluxes and vertical transport are correlated on diurnal and seasonal timescales, errors in transport fields are aliased into the inferred exchange term as so-called "rectifier" effects [Denning et al., 1996; Gurney et al., 2002] .
Precise and accurate CO 2 column measurements can complement the existing in situ network and provide information about CO 2 exchange on larger geographic scales. Unlike the near-surface volume mixing ratio (VMR), the column integral of the CO 2 profile is not altered by diurnal variations in the height of the boundary layer. As a result, it exhibits less spatial and temporal variability than near-surface in situ data, while retaining information about surface fluxes [Gloor et al., 2000] . Because few CO 2 column measurements are available, understanding of their potential information content has been largely limited to simulations [Rayner and O'Brien, 2001; Olsen and Randerson, 2004] . These studies show that CO 2 column measurements at carefully selected sites could be effective in constraining global-scale carbon budgets [Rayner and O'Brien, 2001] .
Three recent analyses of near-infrared FTS solar spectra obtained by Fourier Transform
Spectrometers (FTS) demonstrate that column-averaged CO 2 VMRs can be retrieved with high precision [Yang et al., 2002; Dufour et al., 2004; Warneke et al., 2005] . The near-infrared spectral region is an appropriate observational choice for several reasons: (i) it is near the peak of the solar Planck function, expressed in units of photons/s/m 2 /sr/cm -1 , maximizing signal-to-noise; (ii) retrievals from O 2 absorption lines in the near-infrared spectral region provide an internal standard; (iii) highly sensitive uncooled detectors are available for this region. For these reasons, the nearinfrared region has also been chosen by several space-based column observatories, including the Orbiting Carbon Observatory (OCO), the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY), and the Greenhouse Gases Observing Satellite (GOSAT).
Most of the existing FTS instruments from the Network for the Detection of Stratospheric
Change (NDSC) [Kurylo and Solomon, 1990] are not well suited for measurement of CO 2 and other greenhouse gases. Most NDSC sites are located at high altitude to facilitate stratospheric measurements. To understand the sources and sinks of greenhouse gases, however, observatories
should be located at low altitude. In addition, the existing NDSC sites are optimized for observations of the mid-infrared spectral region, with KBr beamsplitters, aluminum optics, and mid-infrared detectors. Although many trace atmospheric constituents have fundamental vibrational-rotational absorptions in the mid-infrared spectral region, the near-infrared spectral region is a better choice for measuring CO 2 and other greenhouse gases.
The Total Carbon Column Observing Network is a new network of ground-based FTS sites.
We describe the first dedicated laboratory in this network. This is an automated FTS observatory developed for highly precise, ground-based solar absorption spectrometry in the near-infrared spectral region. 
Instrumentation

Bruker 125HR Spectrometer
Solar spectra are acquired at high spectral resolution using a Bruker 125HR FTS housed in a custom laboratory (Figure 1 ). The Bruker 125HR has been substantially improved over its predecessor, the Bruker 120HR. One important improvement is the implementation of the interferogram sampling method described by Brault [1996] , that takes advantage of modern 24-bit delta-sigma analog-digital converters to improve the signal-to-noise ratio.
The spectrometer described here has been optimized for measurements in the near-infrared spectral region, with gold-coated optics and a CaF 2 beamsplitter with broad-band coating. 
O 2 transition (A-band) between 12,950 and 13,170 cm -1 . For the spectra obtained here, we use a 45 cm optical path difference and a 2.4 mrad field of view, yielding an instrument line shape that has a full-width at half-maximum of 0.014 cm -1 . This is sufficient to fully resolve individual absorption lines in the near-infrared. The input optics uses an off-axis parabolic mirror that is the same type as the collimating mirror. Hence the external field of view is also 2.4 mrad, and the instrument accepts only a small fraction of the 9.4 mrad solar disk. The beam diameter is stopped down to 3.5 cm to reduce the saturation of the detectors and signal amplifiers. Figure 2a shows a typical spectrum, acquired in 110 s, with signal-to-noise ratios of ~900:1 and ~500:1 for the InGaAs and Si diode detectors, respectively. The observed intensity is the product of the solar Planck function with the instrument response.
To maintain stability of the optical alignment, the internal temperature of the spectrometer is controlled between 28 -30° C. To reduce acoustic noise and eliminate refractive inhomogeneities, the internal pressure is maintained at less than 2 hPa using a Varian TriScroll 300 scroll pump. The spectrometer is evacuated once per day, before sunrise, and has a leak rate less than 2 hPa day -1 . The instrument lineshape is monitored using narrow HCl lines in the first overtone band (ν 0 = 5882 cm -1 ).
A 10 cm cell with 30' wedged Infrasil windows containing 5.1 hPa of HCl gas is permanently mounted in the source compartment, prior to the entrance field stop wheel, as shown in Figure 1b .
Due to space constraints, the sample compartment typically supplied with the 125HR is not used.
Laboratory and Other Instrumentation
The 125HR spectrometer is mounted inside a modified 6.1 × 2.4 × 2.6 m steel shipping container. The container is equipped with an air conditioning and heating wall unit, power (110 VAC and 208 VAC), lights, and telephone connection. The interior of the container is insulated with 9.0 cm of R19 fiberglass covered with 0.32 cm thick aluminum sheet. These materials were chosen to minimize outgassing that may otherwise interfere with spectral observations. standard. In addition, the temperature of the Setra pressure transducer is monitored for evidence of bias. A weather station mounted at ~5 m includes sensors for air temperature (± 0.3° C), relative humidity (± 3%), solar radiation (± 5% under daylight spectrum conditions), wind speed (± 0.5 m s -1 ), wind direction (± 5°), and the presence of rain.
A small network camera (Stardot Technologies) with a fisheye lens (2.6 mm focal length) is positioned on the roof of the laboratory. The dome, solar tracker, weather station, and a wide view of the sky are visible within the field of view of the camera. This allows us to remotely monitor the operation of the equipment and verify weather conditions.
Accurate knowledge of the time is critical in calculating the solar zenith angle (SZA), which is necessary to convert retrieved atmospheric slant column abundances into vertical column abundances. We use a high-precision GPS satellite receiver with a network time server (Masterclock NTP100-GPS) to maintain time synchronization of the Bruker 125HR.
Data Acquisition and Instrumental Automation
The laboratory equipment consists of the 125HR spectrometer, scroll pump, solar tracker, The operating system chosen for the Hercules computer is QNX (QNX, Kanata, Ontario), a realtime, multitasking, multiuser, POSIX-compliant operating system for the Intel family of microprocessors. QNX was selected due to its stability and because its simple message-passing method of inter-process communication allows the acquisition and control functions of the data acquisition software to be separated into a number of logically discrete processes.
Throughout the night, the acquisition software records weather and housekeeping data.
When the calculated solar elevation angle reaches 0°, the scroll pump is commanded on and the FTS is evacuated to 0.5 hPa. Following the pumping sequence, the dome opens and the solar tracker Each night, interferograms recorded during the day are copied onto a removable hard disk.
Overnight analysis software performs a Fourier transform to produce spectra from the interferograms, and performs preliminary atmospheric column retrievals. These results are then emailed to Pasadena to monitor performance. At two month intervals, the removable hard disk is manually replaced with an empty one. The full disk is mailed to Pasadena for analysis and archiving. This is necessary because only dial-up internet access is available at the WLEF site. The operational data rate is ~50 GB month -1 .
Measurement Site
The FTS observatory was assembled and tested in Pasadena, California, and deployed to [Zhao et al., 1997; Bakwin et al., 1995] . Fluxes of CO 2 , water vapor, virtual temperature, and momentum are monitored at three levels [Berger et al., 2001; Davis et al., 2003] . In addition, NOAA ESRL conducts weekly flask sampling [Komhyr et al., 1985] and monthly aircraft profiles which collect flask samples between 0.5 km and 4 km .
Data Analysis
In this work, spectra are analyzed using a non-linear least-squares spectral fitting algorithm (GFIT) developed at the Jet Propulsion Laboratory. Atmospheric absorption coefficients are calculated line-by-line for each gas in a chosen spectral window, and are used together with the assumed temperature, pressure, and VMR profile in the forward model to calculate the atmospheric transmittance spectrum. This is compared with the measured spectrum and the VMR profiles are iteratively scaled to minimize the RMS differences between the calculated and measured spectra.
The theoretical instrument lineshape, verified from fits to low-pressure HCl gas cell lines, is used in calculating the forward model. Figure 2b shows a measured spectrum and the fitted result, for a region with strong CO 2 lines.
The atmosphere is represented by 70 levels in the forward model calculation. Pressure-and temperature-dependent absorption coefficients are computed for each absorption line at each level.
Profiles of temperature and geopotential height are obtained from the NOAA Climate Diagnostics Center (CDC), with 17 pressure levels from 1000 to 10 hPa and 1° × 1° geographic resolution. At pressures less than 10 hPa, climatological profiles of temperature and geopotential height are used.
Measured surface pressure is used to define the lowest model level.
We retrieve CO 2 and O 2 in three bands: We have adopted improved line parameters for the O 2 7882 cm -1 retrievals, including line strengths from PGOPHER model results [Newman et al., 2000] , air-broadened widths , and temperature-dependent air-broadened widths . In addition, we have made two empirical corrections to minimize temperature and airmass dependence of the O 2 retrieval:
(i) The air-broadened width values [Lafferty et al., 1998 ], 3.10 ± 0.10 × 10 -24 cm molecule -1 [Newman et al., 1999] region [Toth, private communication, 2005] . These new linelists were found to give superior spectral fits to our atmospheric spectra. The solar linelist for all near-infrared spectral retrievals is derived from disk-center solar spectra recorded at Kitt Peak (31.9 N, 116 W, 2.07 km).
For O 2 , the assumed a priori VMR profiles are constant with altitude. For CO 2 , the assumed a priori VMR profiles vary seasonally in approximate agreement to model output from Olsen and Randerson [2004] . We have examined the sensitivity of the column CO 2 retrieval to different reasonable a priori functions, including a profile which is constant with altitude, and found that the effect on retrieved column CO 2 is ≤ 0.1%.
Column O 2 and CO 2
The consistency between retrieved column O 2 and measured surface pressure is an important test of instrumental stability. O 2 is well-mixed in the atmosphere, with a dry-air VMR of 0.2095.
This provides an internal standard that can be used to check the short-term and long-term precision of the FTS column retrievals. As described in Section 3, surface pressure at the Park Falls site is recorded at 1 Hz using a calibrated Setra 270 pressure sensor. The calibrated accuracy of this sensor is ~0.3 mb, which corresponds to an uncertainty of ~0.03% in the surface pressure. Figure 3a shows O 2 retrievals for airmasses between 2 and 3 (SZA 60 -70 deg) plotted as a function of the dry pressure column. Throughout this work, "airmass" refers to the ratio of the slant column to the vertical column and is approximately equal to the secant of the SZA; when the sun is directly overhead, the SZA is 0 deg and the airmass is 1.0. The residuals are shown in the upper panel of Figure 3a . 
There are two methods for calculating the total dry column:
where P s is surface pressure, m is mean molecular mass, and g is the density-weighted gravitational acceleration. In Park Falls, the column H 2 O correction in (2) is a maximum of 0.6%. Using (3) will improve the precision of the column-average CO 2 VMR (f CO2 ) if scatter in the column abundances is common to both the CO 2 and O 2 . Common scatter could arise from errors in the spectra, such as instrumental lineshape or detector non-linearity, or from errors in the calculated slant path due to uncertainty in the surface pressure or SZA. However, dividing by column O 2 will increase the random scatter (since column O 2 is typically noisier than P s ) and will introduce spectroscopic linelist errors from the O 2 region, such as temperature-and airmass-dependence, into the column-average CO 2 VMR. In addition, the systematic changes in column O 2 observed over time in Figure 3b are likely due to detector non-linearity. However, this systematic error is expected to affect the CO 2 and O 2 column retrievals similarly, and can be eliminated from the column-average CO 2 VMR by using (1) and (3).
Column-average CO 2 VMR calculated via (2) and (3) 
Comparison of FTS Column and Integrated Aircraft Profiles
The Intercontinental Chemical Transport Experiment -North America (INTEX-NA) and CO 2 Boundary-layer Regional Airborne Experiment (COBRA) campaigns provided an opportunity to calibrate the column CO 2 measurements on an absolute scale relative to the standardized network of in situ measurements. As the difference between CO 2 6228 cm -1 and 6348 cm -1 column retrievals in Figure 4a demonstrates, results from each of the CO 2 bands are precise, but not sufficiently accurate. This is attributed to remaining limitations in the available spectroscopic parameters.
The NASA DC-8 and University of Wyoming King Air measured in situ CO 2 during profiles over the WLEF Tall Tower site during summer 2004, using well-calibrated, mature in situ CO 2 sensors. Onboard the DC-8, dry CO 2 VMR was measured at 1 Hz using a modified LI-COR model 6252 infrared gas analyzer [Vay et al., 2003; Anderson et al., 1996] . In-flight calibrations were performed at 15 minute intervals using standards traceable to the WMO Central CO 2 Laboratory.
Onboard the King Air, similar 1 Hz measurements were performed using a modified LI-COR model 6251 [Daube et al., 2002] . In-flight calibrations were performed with standards traceable to the Carbon Dioxide Research Group at the Scripps Institute of Oceanography and NOAA ESRL.
In-flight calibrations show that the typical long term flight-to-flight precision of this technique is better than ±0.1 ppmv [Daube et al., 2002] .
The aircraft CO 2 profiles can be integrated with respect to pressure for direct comparison with FTS column CO 2 . Mathematically, this is found by combining the definition of the column integral (4) with the hydrostatic equation (5) n gm dp dz
where f is the atmospheric mixing ratio, g is gravitational acceleration, m air is the mean molecular mass, n is the number density, p is pressure, P s is surface pressure, z is height, and Z s is the surface height. The atmospheric mixing ratio of CO 2 is defined as (7) where f CO2dry is the dry-air CO 2 vmr, measured by in-situ instruments. Combining equations (6) and (7) gives (8) Integrated column CO 2 from (8) can be divided by the total column from (2) to yield the columnaverage CO 2 VMR.
Eight unique aircraft profiles were measured on five dates during 2004: 12 Jul, 14 Jul, 15
Jul, 14 Aug, and 15 Aug. The first profile of the series, shown in Figure 5a , was a descending spiral by the NASA DC-8 from 10.0 km to 0.7 km. Because the aircraft has a limited altitude range, it is necessary to make assumptions about CO 2 and H 2 O in the upper troposphere and stratosphere when using (8) to find integrated column CO 2 . The tropopause pressure is determined from the NOAA CDC assimilated temperature profile. The median CO 2 value measured in the free troposphere is assumed to extend from the aircraft ceiling to the tropopause. Above the tropopause, the assumed CO 2 profile is taken from an in situ balloon profile (35 N, 104 W) recorded over Fort Sumner, New
Mexico during September 2004. The balloon profile of CO 2 as a function of altitude is coordinatetransformed into CO 2 as a function of potential temperature (θ), using simultaneous temperature and pressure measurements. For the aircraft profile, θ is calculated from the NOAA CDC assimilated temperature data. CO 2 is assumed to be well-mixed in the planetary boundary layer between the surface and the 0.7 km floor of the aircraft profile. This is confirmed by in situ measurements on the Tall Tower. The CO 2 profile shown in Figure 5b is integrated with respect to pressure to find column CO 2 . The assumed CO 2 profile above the aircraft ceiling contributes the greatest uncertainty to the integration, and we have attributed a generous uncertainty of ±2 ppmv to this portion of the profile. Figure 5d shows the FTS column-average CO 2 recorded during a two-hour period which brackets the aircraft profile. These profiles were performed at airmass 1.1 -2.0 (SZA 25 -60 deg).
The column data is not continuous, because intermittent cloud prevented the acquisition of solar spectra. The 45-minute period of the aircraft profile is indicated. The averaging kernel for the FTS CO 2 retrievals during this period is shown in Figure 5c . The shape of the averaging kernel is typical for a uniformly mixed, moderately strong absorber fitted by a non-linear least-squares profile-scaling retrieval. To accurately compare the FTS column-average CO 2 and integrated aircraft profile, it is necessary to weight the aircraft profile by the FTS averaging kernel [Rodgers and Connor, 2003] .
Because the averaging kernel varies slightly with airmass, a separate averaging kernel is calculated for each aircraft overpass.
Comparison of the eight integrated aircraft profiles with the FTS CO 2 columns is shown in Figure 6 . There is a linear relationship between the integrated aircraft columns and the retrieved FTS columns. The slope relationships differ for the two CO 2 bands, with values of 1.0216 and 1.0240 for CO 2 6228 cm -1 and CO 2 6348 cm -1 respectively. The standard deviation of the fitting residuals is 0.39 ppmv and 0.42 ppmv for the two bands. The slope relationships from Figure 6 can be used to correct the FTS CO 2 columns, bringing them into absolute agreement with the calibrated in situ network.
Error Analysis for Column-Average CO 2 VMR
The column-average CO 2 VMR calculated according to 0.2095 × column CO 2 / column O 2 is affected by three main sources of error:
Measurement precision
As discussed in section 5, the standard deviation of column CO 2 / column O 2 during a one hour period is better than 0.1% under clear sky conditions and ~0.2% under partly cloudy conditions.
Repeatability of the measurement is not a significant source of error.
Spectroscopic errors
As discussed in section 5, the retrieved O 2 columns were reduced by 2.27% to bring them into agreement with the dry surface pressure. and O 2 retrievals similarly, but for now assume that the column CO 2 / column O 2 ratio may also have a systematic error of 0.3% over the observation period.
The measurement precision of ~0.1% under clear sky and ~0.2% under partly cloudy conditions does not affect the accuracy of the measurements. However, spectroscopic errors introduce a systematic bias which depends on airmass. We have calibrated the FTS column retrievals at airmass 1.1 -2.0 during Jul -Aug 2004, and expect that the absolute accuracy at these airmasses has been maintained within 0.3% throughout the subsequent data record.
Column-average CO 2 VMR during May 2004 -October 2005
Applying the slope corrections from section 6 allows the FTS column-average CO 2 VMR to be compared directly to in situ CO 2 measurements. Column-average CO 2 VMR, corrected in this manner, is shown in Figure 7a and 2005, we calculate a secular increase of 1.8 ppmv yr -1 . After accounting for this, we infer a peak-to-peak seasonal amplitude of 11 ppmv for Park Falls. These results are higher than model results by Olsen and Randerson [2004] , which predict a mean seasonal column CO 2 amplitude of 7 -8 ppmv in Wisconsin. This difference could potentially arise from an error in the model predictions, due to uncertainty in the specifications of surface fluxes or errors in the parameterization of mixing.
Alternatively, the difference could be caused by differences between the assumed meteorology and emission inventories included in the MATCH model.
Conclusions
We have deployed an automated solar observatory to Park Falls, Wisconsin. VMRs are now well-calibrated for these summertime, low airmass values. After calibration of the column retrievals with the integrated aircraft profiles and consideration of the complete error budget, we calculate the uncertainty in retrieved column-average CO 2 VMR to be ~0.3% (±1.1 ppmv) at airmasses less than 2 (SZA less than 60 deg) throughout the measurement timeseries. 
